The effects of glucose, fructose, and galactose on hamster embryo development in the absence of phosphate were studied in culture. One-and two-cell embryos were cultured to the blastocyst stage in HECM-9 medium without hexose or in medium with increasing concentrations of hexoses. Embryo development, cell number, and cell allocation were assessed in blastocysts. Blastocyst viability was determined by transfer to pseudopregnant recipients. Although 0.25 mM fructose increased mean cell number, low glucose concentrations had no stimulatory effect on development to blastocyst. Both galactose and 5.0 mM glucose were detrimental to embryos. Addition of 0.5 mM glucose increased implantation and fetal viability as compared with controls. Compared with 0.5 mM glucose, treatment with 0.25 mM fructose gave similar implantation and fetal viability, whereas 5.0 mM glucose tended to decrease implantation and significantly decreased fetal development. These data demonstrate that morphology is a poor indicator of embryo viability and that exposure of preimplantation embryos to glucose or fructose is important for embryo viability post-transfer. Although no difference in blastocyst viability was detected between embryos cultured with 0.25 mM fructose and those cultured with 0.5 mM glucose, increased cell numbers obtained with fructose suggest that fructose may be more appropriate than glucose for inclusion in culture medium.
INTRODUCTION
There is considerable evidence that inclusion of glucose in the culture medium at levels similar to those in plasma is inhibitory to embryo development in many species, including the hamster [1, 2] , mouse [3] [4] [5] [6] , rat [7, 8] , cow [9] , sheep [10] , and human [11, 12] . In the hamster, the combination of glucose and phosphate arrests development [1, 13] , reduces respiration [14] , and disrupts mitochondrial organization [15] . To prevent this inhibition and to promote embryo development, glucose and phosphate have frequently been omitted from embryo culture media [3, 5, 7, 12, 16] .
Most of the previous work involving glucose has been performed in the presence of phosphate, and phosphate alone may be responsible for developmental inhibition previously attributed to both glucose and phosphate. Although phosphate alone appears not to be inhibitory to embryo development from the eight-cell stage [13] , previous studies with embryos at earlier cleavage stages show that even in the absence of glucose, phosphate concentrations as low as 500 nM inhibit preimplantation embryo development in both hamsters and mice [1, [17] [18] [19] [20] . Even with dramatic improvements in culture medium formulation, a recent report from our laboratory confirms that concentrations of phosphate as low as 2.5 M alter ionic homeostasis and inhibit development of the embryo in culture [21] . Therefore, the complete removal of glucose from embryo culture medium may not be necessary to maintain developmental competence and in fact may be detrimental because it deprives the embryo of a physiological nutrient. Although basal concentrations are species dependent (ranging between 0.5 and 3.0 mM), glucose is present in the female reproductive tract of all species examined, including the mouse [22] , rabbit [23] , sheep [24] , pig [25] , cow [26] , and human [27] . A facilitated transport system for glucose is present in the mouse embryo from at least the two-cell stage [28] [29] [30] , and the glucose transporter Glut 1 can be detected even in the unfertilized mouse oocyte [31] . Although the metabolism of glucose is low in the early stages of embryo development, glycolysis significantly increases at the blastocyst stage in hamsters [32] , mice [33] , and domestic animals [34] [35] [36] [37] [38] [39] . In the mouse, glucose is the preferred energy substrate for the inner cell mass [40] . All of these data imply a physiological role for glucose in embryo development. Therefore, elimination of glucose from the culture medium results in an increasingly artificial environment for the developing embryo, the effects of which are unknown.
Like glucose, fructose and galactose are monosaccharide hexoses capable of entering the glycolytic pathway. Fructose is present in the reproductive tract of many species [41] [42] [43] [44] [45] [46] and can be metabolized by preimplantation embryos [39] . In the presence of phosphate, replacement of glucose by fructose in culture medium alleviates the two-cell block and promotes blastocyst formation in outbred mouse strains [4] . For these reasons, we hypothesized that hexose sugars, in the absence of phosphate, can promote embryo development in vitro.
The aims of this study were to 1) examine the effect of glucose on embryo development and viability in the absence of exogenous phosphate and 2) determine whether fructose and/or galactose are practical alternatives to glucose for supporting embryo development. Elucidation of optimal energy sources for in vitro embryo culture will increase our understanding of embryo physiology and assist in the development of improved culture systems. These improvements will result in increased embryo competence, which in turn will advance the capabilities of developing technologies that rely on in vitro production of embryos.
MATERIALS AND METHODS

Culture Media
The base medium used in this study was a protein-free chemically defined medium (HECM-9) containing no phosphate [47] . The formulation is as follows: 113.8 mM NaCl, 3.0 mM KCl, 2.0 mM CaCl 2 ·2H 2 O, 0.5 mM MgCl 2 ·6H 2 O, 25.0 mM NaHCO 3 , 4.50 mM DL-sodium lactate, 0.01 mM asparagine, 0.01 mM aspartate, 0.01 mM cysteine, 0.01 mM glutamate, 0.20 mM glutamine, 0.01 mM glycine, 0.01 mM histidine, 0.01 mM lysine, 0.01 mM proline, 0.01 mM serine, 0.5 mM taurine, 3 M pantothenate, and 0.1 mg/ml polyvinyl alcohol. Treatments were prepared by modifying the base medium to contain various concentrations of glucose, fructose, or galactose (0.0, 0.25, 0.5, 1.0, 2.0, or 5.0 mM). Media were prepared the day before use from stock solutions and stored at 4ЊC. The base medium used for staining procedures was a modified BM-3 medium [48] in which 20 mM NaHCO 3 was replaced with 20 mM HEPES, pH 7.4 (H-BM-3). All salts, carbohydrates, amino acids, and vitamins were purchased from Sigma Chemical Co. (St. Louis, MO).
Animals and Embryo Collection
Embryos were collected from 3-to 6-mo-old cycling golden hamsters. Multiple ovulations were induced by an i.p. injection of 10-20 IU (indexed to body weight) eCG (Gestyl, Houston, TX) on the morning of the postestrus discharge (Day 1 of cycle). Females were mated to fertile males on the evening of Day 4. One-cell embryos were collected at 10 h post-egg activation (PEA, as previously described [49] ). Two-cell embryos were collected at 32 h PEA. Embryos were flushed from the oviduct with warmed and equilibrated (10% CO 2 :5% O 2 :85% N 2 ) HECM-9 medium (no hexose). All embryos were then washed twice in HECM-9 and once in the appropriate culture medium before being placed into culture.
Embryo Culture
All embryos were cultured in 35-l drops of medium under mineral oil (Sigma) in groups of 8-12 embryos for either 72 h (to the blastocyst stage from collection at 10 h PEA one-cell stage) or 48 h (to the blastocyst stage from collection at 32 h PEA two-cell stage) at 37.5ЊC in a humidified atmosphere of 10% CO 2 :5% O 2 :85% N 2 . For all but the embryo transfer experiments, embryos from individual females were distributed among treatments so that each treatment group contained an equal number of embryos from any given female. Embryos from multiple females were pooled in each culture drop.
Morphology Assessment
Development to the eight-cell stage was assessed after 48 h of culture for embryos collected at 10 h PEA and after 24 h of culture for embryos collected at 32 h PEA. Morula and blastocyst development was assessed after 72 h of culture for embryos collected at 10 h PEA and after 48 h for embryos collected at 32 h PEA. Development to the morula and blastocyst stages was expressed as a single endpoint in addition to blastocyst development due to difficulties in accurately distinguishing morula from blastocyst stage hamster embryos. The hamster blastocyst in vitro undergoes repeated cycles of expansion and collapse [50] , and following collapse a blastocyst is indistinguishable from a morula under low-power microscopy. Therefore, embryos identified as morula and blastocyst (morula/blastocyst) stages include all postcompaction embryos, and embryos identified as blastocysts include only those embryos exhibiting a distinct blastocoele cavity at the time of examination.
Differential Staining of Inner Cell Mass and Trophectoderm Cells
Embryo cell number and allocation of cells to the inner cell mass (ICM) and trophectoderm (TE) were determined by differentially staining the cell nuclei using a technique previously described [51] . Blastocysts were incubated in 0.5% pronase in H-BM-3 for 30 sec to dissolve the zona pellucida. Embryos were then washed in H-BM-3 and incubated in 0.25% picrylsulfonic acid (Sigma) for 10 min at 4ЊC before a further wash and 10 min of incubation in 0.1 mg/ml of anti-DNP BSA (ICN Technologies, Costa Mesa, CA) at 37ЊC. Following incubation with the antibody, embryos were again washed in H-BM-3 and incubated in a 1:5 dilution of guinea pig serum (ICN) containing 25 g/ml of propidium iodide (Sigma) in H-BM-3 for 5 min. Embryos were subsequently placed in 25 g/ml bisbenzimide (Hoechst 33258, Sigma) in ethanol overnight at 4ЊC. The following morning, differential staining of nuclei was determined using a fluorescence microscope.
Embryo Transfer
Viability of cultured embryos was assessed by transfer of blastocysts to pseudopregnant recipient females. Three experiments were performed, and each experiment compared two hexose treatments: 1) 0.0 mM glucose vs. 0.50 mM glucose; 2) 0.5 mM glucose vs. 5.0 mM glucose; 3) 0.5 mM glucose vs. 0.25 mM fructose. The hexose concentrations used were determined following the developmental and cell allocation experiments described previously (because galactose was detrimental to embryo development at the blastocyst stage, it was not investigated further). In each experiment, one-cell embryos from donor females were collected at 10 h PEA and cultured for 72 h to the morula/blastocyst stage. Exposure from the one-cell stage (10 h PEA) was selected because it is a more stringent test than exposure from the two-cell stage [52] . Embryos collected from a single female were distributed equally between the two treatments in each experiment, and embryos from individual females were not pooled during culture. For experiments 1 (0.0 mM glucose vs. 0.50 mM glucose) and 3 (0.5 mM glucose vs. 0.25 mM fructose), only embryos of good quality and exhibiting a blastocoele cavity occupying at least one quarter of their total volume were selected for possible transfer. For experiment 2 (0.5 mM glucose vs. 5.0 mM glucose), all blastocysts in each treatment group were selected for possible transfer regardless of quality and blastocoele cavity size. This modification of selection criteria for experiment 2 was necessary because of the difference in morphology of embryos cultured in 5.0 mM glucose (blastocysts obtained from culture with 5.0 mM glucose were overall generally smaller, with reduced blastocoele cavity area). Pseudopregnant recipient females were obtained by mating females to vasectomized males on Day 4 of the estrous cycle. Day 3 recipient females were asynchronous (Ϫ1 day) with respect to embryo donors to achieve successful pregnancy of in vitro cultured embryos [49] . For each experiment, eight randomly selected blastocysts from each treatment group were transferred into each recipient female (16 embryos/recipient). The hamster has a dual cervix and therefore an anatomical barrier to uterine migration of embryos. We placed embryos from one treatment into one uterine horn, and those from the other treatment into the contralateral horn, with the side (left vs. right) of embryo placement for each treatment alternating among recipients within each experiment. Within each recipient, the same number of embryos from a given donor female were transferred to left and right horns (i.e., both embryo culture treatments) to eliminate effects due to donor variation. Implantation sites, fetal development, and fetal weight were assessed on Day 14 of pregnancy relative to the recipient female (2 days before term).
Statistical Analysis
For culture experiments (including development and cell allocation experiments), data were subjected to least squares analysis of variance (ANOVA) using the general linear models procedure of the Statistical Analysis System (Cary, NC). Percentage data were arc sine transformed and weighted for the number of embryos in each experiment prior to analysis. The ANOVA was performed for a completely randomized design two-way treatment structure consisting of day and hexose concentration. All tests of hypotheses were performed using appropriate error terms according to the expectation of the mean squares. Differences were detected by least squares means.
Data for embryo transfer were analyzed using linear-logistic regression assuming a binomial distribution. The day of transfer was fitted as a variable. The log likelihood ratio statistic was used to detect between-treatment differences. The GLIM 4.0 statistical package (Numerical Algorithms Group, Oxford, U.K.) was used for statistical analysis of embryo transfer results.
RESULTS
Effect of Glucose on Development to the Eight-Cell Stage
Hamster one-cell embryos collected at 10 h PEA and cultured in the absence of glucose (HECM-9: control) had a mean (Ϯ SEM) cell number of 6.0 Ϯ 0.2 after 48 h of culture. Addition of 0.25, 1.0, or 2.0 mM glucose significantly increased mean cell number at this time point when compared with control cultures. In contrast, culture with 0.5 or 5.0 mM glucose did not alter mean cell number as compared with controls (Table 1) .
Hamster two-cell embryos collected at 32 h PEA and cultured in control medium had a mean cell number of 6.9 Ϯ 0.1 after 24 h of culture. Only treatment with 0.5 mM glucose significantly increased mean cell number at 24 h of culture (7.3 Ϯ 0.1; P Ͻ 0.05). Treatment with 5 mM glucose significantly reduced mean cell number as compared with 0.5, 1.0, and 2.0 mM glucose ( Table 2) .
Effect of Glucose on Development to Morula and Blastocyst Stages
Culture of 10 h PEA one-cell embryos with up to 2 mM glucose had no significant effect on either morula/blastocyst or blastocyst development as compared with controls (Fig.  1A) . However, addition of 5.0 mM glucose significantly decreased morula/blastocyst development as compared with controls (P Ͻ 0.05). Additionally, 5.0 mM glucose de- creased blastocyst development as compared with controls and with cultures with glucose concentrations of up to 1.0 mM (P Ͻ 0.02).
Similarly, addition of glucose to culture medium had no effect on development of two-cell embryos to the morula/ blastocyst stage (Fig. 1B) . However, culture with 5.0 mM glucose inhibited development to the blastocyst stage (P Ͻ 0.01) as compared with controls. Additionally, culture with 5.0 mM glucose resulted in embryos that were morphologically different than those cultured in control medium or medium with 0.5 mM glucose.
Effect of Glucose on Cell Number and Allocation
Morulae and blastocysts derived from hamster one-cell embryos collected at 10 h PEA and cultured without glucose for 72 h had a total mean cell number of 19.4 Ϯ 0.7. Of these cells, an average of 12.7 Ϯ 0.5 were allocated to the TE and 6.9 Ϯ 0.4 were allocated to the ICM. The presence of glucose from the one-cell stage had no significant effect on cell number or allocation as compared with controls (Fig. 2) . However, compared to 0.5 mM glucose, culture with 5.0 mM glucose significantly reduced ICM and TE cell number as well as overall morula/blastocyst cell number (P Ͻ 0.05).
Morulae and blastocysts derived from hamster two-cell embryos collected at 32 h PEA and cultured without glucose for 48 h had a total mean cell number of 27.2 Ϯ 0.6. Of these cells, an average of 16.4 Ϯ 0.4 were allocated to the TE and 10.6 Ϯ 0.5 were allocated to the ICM (similar to cell counts for blastocysts produced in vivo, as previously reported by our laboratory [51] ). Culture of two-cell embryos with glucose concentrations up to 1.0 mM did not significantly alter morula/blastocyst cell number or allocation (Fig. 2B) . However, culture with glucose concentrations of 2.0 mM and above significantly decreased the mean total cell number and mean number of cells allocated to the ICM (P Ͻ 0.05). Additionally, culture with 5.0 mM glucose significantly reduced TE mean cell number (P Ͻ 0.05) as compared with concentrations up to 0.5 mM, as well as morula/blastocyst total and ICM mean cell number as compared with all treatments (P Ͻ 0.05).
Effect of Glucose on Implantation and Fetal Development after Transfer
Culture of one-cell embryos with 0.5 mM glucose to the blastocyst stage dramatically increased both implantation (P ϭ 0.02) and fetal viability (P ϭ 0.02) after transfer as compared with control (no glucose; Table 3 ). Fetal weight was not affected by addition of glucose to the culture medium.
Although implantation rates did not differ significantly between embryos cultured with 0.5 mM glucose and those cultured with 5.0 mM glucose, there is a trend (P ϭ 0.07) toward decreased fetal development from blastocysts resulting from culture with high levels of glucose (Table 4) . Additionally, culture with 5.0 mM glucose significantly reduced fetal development per implantation site (P Ͻ 0.01), indicating a higher level of fetal loss.
Effect of Galactose on Embryo Development and Cell Allocation
Culture with 5.0 mM galactose significantly reduced all parameters (P Ͻ 0.05; Tables 5 and 6 ). Culture with 0.5 mM galactose did result in increased morula/blastocyst development (P Ͻ 0.05) as compared with both controls (Table 5); however, that increase did not extend to blastocyst development (Table 5) , mean cell number, or cell allocation ( Table 6 ). Culture of embryos with all concentrations of galactose significantly decreased mean cell number at 72 h of culture (P Ͻ 0.05) as compared with embryos cultured without hexose (Table 6 ). High galactose concentrations (2.0 and 5.0 mM) decreased mean total and TE cell numbers (P Ͻ 0.05) as compared with both 0.0 and 0.5 mM glucose (controls; Table 6 ). Compared with culture with 0.5 mM glucose, culture of embryos with less than 5.0 mM galactose had no effect on mean cell number at 48 h (Table  5) , blastocyst development, or ICM development. Culture with less than 2.0 mM galactose additionally did not affect total mean cell number, or TE cell number as compared with culture with 0.5 mM glucose (Table 6 ).
Effect of Fructose on Embryo Development and Cell Allocation
Culture of embryos with 0.25 mM fructose increased morula/blastocyst total and mean TE cell number as compared with controls (Fig. 3B) . At 72 h of culture, fructose concentrations above 0.25 mM had no effect on blastocyst development (Fig. 3A) , morula/blastocyst total, or ICM and TE mean cell numbers (Fig. 3B) . Fructose had no effect on development of embryos cultured from the one-cell stage at 48 h of culture. Although glucose is inhibitory at high concentrations (Fig. 1, A and B) , even the highest concentrations of fructose were not inhibitory as compared with 0.0 and 0.5 mM glucose treatments (Fig. 3, A and B) .
Effect of Fructose on Implantation and Fetal Development after Transfer
A comparison was made of the viability of blastocysts cultured in either 0.5 mM glucose or 0.25 mM fructose. A total of 88 embryos per treatment from 11 individual females were transferred. No significant differences were noted following blastocyst transfer (data not shown). Embryos cultured in glucose and fructose exhibited similar percentages of implantation (62.5% and 60.2%, respectively), fetal development (51.1% and 53.4%), and fetuses per implantation (81.1% and 88.7%). Fetal weights were also similar (1.13 Ϯ 0.03 g and 1.12 Ϯ 0.03 g, respectively).
DISCUSSION
There has been considerable debate surrounding the inclusion of hexoses, particularly glucose, in embryo culture media. Several studies have shown that high concentrations (around 5.0 mM) of glucose are detrimental to embryo development in culture [1, 10, 12] . Paradoxically, glucose is the preferred energy substrate of somatic cells in culture and is a major precursor of DNA synthesis and phospholipid synthesis [53] . Glucose is certainly found in the female reproductive tract [22] [23] [24] [25] [26] [27] and is the preferred energy substrate after compaction for many species of mammalian embryos [54] , implying a physiological role for glucose in culture. When CZB medium is used, addition of glucose is necessary to support mouse blastocyst development [55] , although exposure for as little as 1 min is enough to meet this glucose requirement [56] . In more optimized media containing amino acids, low concentrations of glucose are not inhibitory to embryo development [57, 58] . The study presented here reconciles these seemingly conflicting reports and demonstrates that the effect of glucose is biphasic and dose dependent. Furthermore, the results indicate that although galactose is detrimental to cleavage-stage embryos, preimplantation exposure to either glucose or fructose is important for maintenance of post-transfer viability, particularly appropriate implantation.
In this study, 5.0 mM glucose significantly inhibited development of one-cell and two-cell embryos to the morula and blastocyst stages (Fig. 1, A and B ) and decreased mean cell number and cell allocation to the ICM (Fig. 2, A and  B) , supporting previous reports that high glucose levels are inhibitory to embryo development [1, 10, 12] . Low concentrations of glucose (below 2.0 mM), however, did not affect blastocyst formation or cell number at the morula/ blastocyst stage, corroborating the previous reports that lower concentrations of glucose are not inhibitory in culture [57, 58] . These results should not be surprising, because concentrations of glucose in the female reproductive tract are considerably lower than those in plasma [22] [23] [24] [25] [26] [27] and drop additionally following ovulation [25, 59] , resulting in very low oviductal glucose concentrations in vivo at the time the cleavage stage embryo would be present. As in the study by Summers [57] , our data show that although no inhibition was found, low concentrations of glucose have little benefit for preimplantation embryo development in culture. In fact, other than an increase in cell number at 24 h of culture in embryos cultured from the two-cell stage (Table 2) , there was no observable benefit in ability to develop to the blastocyst stage gained by addition of 0.5 mM glucose in the culture medium. Why increases in cell number are seen when 0.5 mM glucose is administered from the two-cell stage but not from the one-cell stage remains unclear.
Other hexoses affected embryo development to the blastocyst stage differently than did glucose. Galactose was detrimental to embryo development even at low levels. As little as 0.5 mM galactose in culture medium significantly decreased mean total and TE cell numbers (Table 6 ). The conversion of galactose to glucose (required for entry into the glycolytic pathway) requires specific enzyme activity [53] . One possible explanation for the inhibitory effect of galactose is that necessary enzymes are either absent or nonfunctional in cleavage-stage embryos, resulting in a buildup of intermediates that may be toxic to the embryo. In contrast, culture with low levels of fructose benefits embryos during the preimplantation stages. Although addition of fructose did not increase the percentage of morula/blas- tocyst (Fig. 3A) , there was a significant increase in mean morula/blastocyst total cell numbers and TE cell numbers when embryos were cultured with 0.25 mM fructose (Fig.  3B) . Although low glucose concentrations resulted in little discernible benefit to embryos prior to transfer, culture with 0.5 mM glucose resulted in dramatically increased implantation rates and fetal development rates following transfer as compared with controls (Table 3) . Culture of one-cell embryos to the blastocyst stage in medium containing 0.5 mM glucose elevated Day 14 percentage of fetal viability to rival that of in vivo produced transferred eight-cell embryos [60] . When compared with embryos cultured without exogenous glucose, the proportion of implanting embryos that go on to form viable fetuses (fetuses per implantation) was not different (Table 3) . Because there was no difference in postimplantation viability (i.e., those embryos capable of appropriate implantation developed at similar rates), we conclude that the primary benefit of low glucose exposure occurs at implantation.
Preimplantation embryo exposure to 0.5 mM glucose resulted in a dramatic increase in fetal viability as compared with embryos cultured without hexose. Preimplantation embryo exposure to 0.25 mM fructose resulted in implantation rates similar to those of embryos cultured with 0.5 mM glucose. Collectively, these results clearly indicate that substantial benefit is derived from the inclusion of low concentrations of hexoses in culture media. Although exposure to 5.0 mM glucose reduced the percentage of blastocyst development, those embryos that did develop to the blastocyst stage did not have significantly different implantation rates when compared with embryos treated with 0.5 mM glucose (Table 4) . However, although implantation rates were similar, there is a trend toward decreased percentage of fetal development and a significant decrease in viable fetuses per implantation site when embryos are exposed to 5.0 mM glucose. Although the effect of hexoses on implantation rate is not affected by concentration, postimplantation fetal viability decreases with high levels of glucose.
The beneficial effects of glucose and fructose may be linked to metabolism. Although the metabolic rate of the fertilized ovum is very low (close to that of bone), at the time of implantation the metabolic rate of the embryo is equal to that of brain tissue [61] . Energy-demanding biological processes, including protein synthesis, nucleic acid synthesis, and ion transport, increase the need for and cause an elevation in metabolic activity leading up to the blastocyst stage [61, 62] . Any alteration or compromise in normal metabolic processes results in the failure of the embryo to develop properly [14, 63, 64] . Alternatively, substrates capable of providing additional resources for the embryo to meet this high energy demand may increase the developmental potential of the embryo.
Glucose, fructose, and galactose are utilized by the gly-colytic pathway. Increased glycolytic flux results in increased flux through the pentose phosphate pathway (PPP) [65] . Primary products of the PPP are ribose-5-phosphate and NADPH. Ribose-5-phosphate is an important component in the generation of ATP, NAD ϩ , flavine adenine dinucleotide, and coenzyme A [53] , resources important for energy storage and use in the cell. Additionally, ribose-5-phosphate is a precursor of 5-phosphoribosyl-1-pyrophosphate, which makes up the ribose phosphate portion of the purine and pyrimidine nucleotides. NADPH is utilized by the cell to convert oxidized glutathione to its reduced state. Reduced glutathione plays a key role in detoxification by reacting with hydrogen peroxide and organic peroxides, natural byproducts of oxidative phosphorylation that are harmful to the cell. Therefore, additional PPP activity increases the ability of the cell to protect itself from oxidative damage while providing necessary building blocks and energy resources for the embryo to maintain a rapid rate of development. Accordingly, increased viability seen in the presence of glucose could be due, at least in part, to the increased PPP activity, which would then result in a greater availability of ribose-5-phosphate and NADPH. Although fructose enters the glycolytic pathway below the flux-generating step for the PPP, it can be converted into ribose-5-phosphate without the production of NADPH. If the stimulatory effect of glucose is increased NADPH activity, then glucose and fructose may work together to further stimulate development.
Glucose and fructose may also benefit embryos by increasing the efficacy of protein synthesis. Both glucose and fructose are substrates for glutamine:fructose-6-phosphate amidotransferase (GFAT), the first and rate-limiting enzyme in the hexosamine pathway necessary for post-translational protein glycosylation [66] . Furthermore, there is evidence that increasing the availability of fructose-6-phosphate serves to regulate the activity of GFAT [67] . Clearly, the ability to efficiently produce appropriate glycosylated proteins is advantageous to embryo development, which may help explain the advantage conferred by glucose and fructose in culture medium.
Alternatively, the beneficial effect of glucose and fructose may be imparted only at the time of implantation and not prior to it. Although glucose alone is unable to support mouse embryo development prior to the eight-cell stage [68] , it is able to support development after this stage [69] and is in fact the primary energy source postcompaction for mammalian embryos [54, 61] . This is not surprising, given that the implantation site is anoxic [54, 70] and therefore oxidative phosphorylation cannot be accomplished by the developing embryo until a maternal blood supply is established at the site of implantation and oxygen becomes available. Additional provision of glucose prior to implantation enables the embryo to increase glycogen stores, which are utilized during the period of anaerobic energy production occurring at implantation. In his 1974 review [61] , Brinster noted that glycogen utilized near the time of implantation ''could be a critical factor in the ability of the embryo to implant.'' Therefore, the additional glycogen resource available following preimplantation embryo development in hexose-supplemented media may explain the increased posttransfer viability seen in these embryos.
Although no difference in blastocyst viability was detected between embryos cultured with 0.25 mM fructose and those cultured with 0.5 mM glucose, increased cell numbers obtained with low concentrations of fructose (even lower than glucose concentrations shown to be beneficial to embryo viability; Fig. 3B) , coupled with the fact that fructose does not cause developmental inhibition at high concentrations (as glucose does), demonstrate that fructose is a viable (and perhaps more appropriate) alternative to glucose in culture media.
Our results demonstrate that preimplantation embryo exposure to hexoses is not necessary to obtain adequate numbers of embryos developing to the blastocyst stage but is important for the continuing developmental competence of the blastocyst and its ability to undergo successful implantation. Although almost no benefit of hexose incorporation into culture medium was detectable at the blastocyst stage, dramatic increases in implantation rate were achieved when preimplantation embryos were exposed to low concentrations of glucose. Culture with low concentrations of fructose likewise resulted in exceptional fetal viability. The ability to obtain blastocysts has been generally accepted as the benchmark of a good culture system. This study clearly shows, however, that not all blastocysts are created equal and that by relying on assessment of preimplantation embryo development to evaluate culture systems we may ultimately compromise our ability to make improvements. Although expensive and time consuming in larger species, assessment of ultimate fetal viability should remain, whenever possible, the gold standard for comparison of culture systems.
